Abstract: Medaka (Oryzias latipes) is a small freshwater teleost fish that serves as a model vertebrate organism in various fields of biology including development, genetics, toxicology and evolution. The recent completion of the medaka genome sequencing project has promoted the use of medaka as a comparative and complementary material for research on other vertebrates such as zebrafish, sticklebacks, mice, and humans. The Japanese government has supported the development of Medaka Bioresources since 2002. The second term of the Medaka Bioresource Project started in 2007. The National Institute for Basic Biology and Niigata University were selected as the core organizations for this project. More than 400 strains including more than 300 spontaneous and induced mutants, 8 inbred lines, 21 transgenic lines, 20 medaka-related species and 66 wild stock lines of medaka are now being provided to the scientific community and educational non-profit organizations. In addition to these live fish, NBRP Medaka is also able to provide cDNA/EST clones such as full-length cDNA and BAC/fosmid clones covering 90% of the medaka genome. All these resources can be found on the NBRP Medaka website (http://shigen.lab.nig.ac.jp/medaka/), and users can order any resource using the shopping cart system. We believe these resources will facilitate the further use of medaka and help to promote new findings for this vertebrate species.
Introduction
Medaka (Oryzias latipes, order Beloniformes) is a small, egg-laying freshwater teleost fish that resides in the brooks and rice paddies of Japan, Korea, and China. This fish has been developed as a research material in Japan [1, 4, 11, 31, 41, 57, 58] , and is now widely used in various research fields including biology, medical science, environmental science and evolution. Furthermore, large scale N-ethyl-N-nitrosourea (ENU) mutagenesis screening has identified more than 200 medaka mutants with specific defects in organogenesis [3, 33] . A draft -ReviewReview Series: Animal Bioresource in Japan level genome sequence, more than 68,000 unique cDNA/ EST sequences, and BAC/fosmid clones covering 90% of the medaka genome are now available. Medaka demonstrates the largest genetic variation (an average of 4%) among the vertebrate species investigated to date [14] , and these variations are clearly correlated with geographical distribution [44, 46, 47] . Furthermore, several inbred strains that represent each regional population have been established [7] . The large genetic variation is a distinctive characteristic of medaka when compared to other model fi sh species including zebrafi sh and stickleback. These features are proven to be both unique and valuable for a wide range of investigations of vertebrate animals.
Given these important characteristics, medaka was selected as one of the species to be supported by the National BioResource Project (NBRP), sponsored by the Ministry of Education, Culture, Sports, Science and Technology of Japan in 2002, and for a second term in 2007. In the second term, the National Institute for Basic Biology (Core Institute) and Niigata University were appointed to undertake the project. As a part of this project, live resources including standard strains, wild stocks, inbred strains, medaka-related species, and spontaneous and induced mutants have been collected, maintained and presented on the medaka website. In addition, genomic resources such as expressed sequence tag (EST)/cDNA /BAC/fosmid clones and hatching enzymes that are essential for manipulation of the embryos are also provided. The NBRP Medaka aims to represent a fi rst rate biological resource with high accessibility and ease of use.
Medaka as a Model Animal to Study Biological Sciences in Vertebrates

History and characteristics of medaka
Historically, medaka was reared as an ornamental fi sh. Several interesting descriptions of medaka dating back to the Edo period exist. The ukiyo-e painting entitled Medaka sukui (medaka scooping) was fi rst published in 1767-1768, and was followed by the release of The Baien Gyofu (Encyclopedia of fi sh) by Baien Mouri in 1835 (Figs. 1A and 1B). Baien Mouri describs three types of medaka that included the wild type, an orangered, and a white colored fi sh. It is now known that the orange-red type fi sh contains a mutation at the b locus and that the white fi sh contains a double mutation at the b and r loci. Medaka was fi rst academically described as Poecilia latipes in Siebold's Fauna Japonica in 1842 A B [50] . Following this description, medaka has been used as an experimental animal by both Japanese researchers and others throughout the world. Several important scientific achievements have been made using the medaka color mutants. First, Toyama and Ishikawa confirmed Mendel's law of inheritance in 1910 [53] , while in 1921, Aida identified that the sex-linked inheritance of the r locus controlled the accumulation of orange pigments in xanthophores [1] . Later, Yamamoto (1953) established the d-rR strain and demonstrated artificial induction of sex reversal with estrogen and androgen in juvenile d-rR strain fish [58, 59] . The d-rR strain exhibits body-color dimorphism, with the male fish appearing orange-red in color, while females are white. These differences are due to the sex-linked inheritance of the R gene identified by Aida [1] . Studies of medaka sex determination and differentiation have also resulted in the identification of the primary sex-determination gene DMY [27, 29] . This gene was the second primary sex-determination gene to be isolated in vertebrates, and represents the functional equivalent of the Sry gene in mammals. The establishment of an efficient method for generating transgenic medaka [34] , and the establishment of several inbred lines from genetically different natural populations [7] were also significant achievements. From around the year 2000, several important studies that established genetic/genomic resources began to be published. A large scale EST analysis was performed by Kimura et al. (2004) [16] , with over 600,000 cDNA/EST sequences deposited in the public DNA database (DDBJ/EMBL/ Genbank). In addition, up to 64,800 unique sequences (DFCI medaka gene index: http://compbio.dfci.harvard. edu/tgi/cgi-bin/tgi/gimain.pl?gudb=o_latipes) have also been summarized and a genome-wide linkage map has been established [30, 32] .
The medaka genome sequencing project commenced in 2002, and the draft genome sequence has now been published [14] . All of the genetic/genomic data is freely available at the UT genome browser (http://medaka. utgenome.org/), Ensembl genome browser (http://www. ensembl.org/Oryzias_latipes/Info/Index), UCSC genome browser (http://genome.ucsc.edu/cgi-bin/hgGateway?h gsid=143765092&clade=vertebrate&org=Medaka&d b=0) and Medaka Map (http://medakagb.lab.nig.ac.jp/ index.html) on the NBRP Medaka website. In addition to these genome resources, mutagenesis screening for the isolation of mutants exhibiting specific phenotypes during embryonic development has been conducted by several groups [3, 11, 24] . Approximately 500 mutants with specific phenotypes have been generated, and the causal genes underlying the mutations were identified [6, 25, 28, 33, 39] . Given these studies, medaka has become a representative model animal for vertebrates.
Advantages of medaka as a model fish
Medaka exhibit several advantageous characteristics as an experimental animal. As they are an egg-laying fish, embryonic development occurs externally and embryos, particularly the pigment-less mutants, are completely transparent throughout their embryonic development. Even in the adult stages, some medaka strains such as STIII [56] and Quintet (Fig. 2E ) [35] remain transparent. Medaka contains four types of pigment cells termed melanophores, leucophores, xanthophores, and iridocytes. Vertebrates expressing leucophores are rare. Some medaka-related species do not contain leucophores, while other available mutant lines do not contain chromatophores or pigment granules. In addition, the two loci that control pigment cell development (the r locus for xanthophores and the lf locus for leucophores) are also sex-linked. Thus, researchers are able to distinguish the sex of embryos with or without pigment cells [1, 54] .
Another advantage of using experimental medaka is that some strains demonstrate a low-temperature tolerance. Medaka is a temperate zone fish that is able to survive at 35°C in summer and 4°C in winter in the absence of any thermostatic regulation. In the laboratory, 10 to 20 eggs can be obtained every day under artificial conditions (14 h light-10 h dark at 28°C), and the generation time is approximately 2-3 months under these same conditions. The rate of embryonic development can also be controlled by the temperature of the environment. For example, up to the blastula stage, embryonic development can be arrested at 10°C and can be restarted again at 26°C.
The large genetic divergence observed among regional populations is an additional advantage which has not been identified in any other vertebrate models. To the best of our knowledge, medaka is the most genetically divergent vertebrate (3-4% sequence divergence among regional populations) known to date [14, 44, 47] . The estimated genome size of medaka is approximately 800 million base pairs (Mbp), while that of zebrafish is 1,700 Mbp [31] . This is also advantageous for the isolation of entire genomic regions of genes with the fosmid library, which contains a relatively short insert size (approx. 36 Kbp), and for the identification of mutations in the positional cloning and TILLING (Targeting Induced Local Lesions IN Genome) library [13, 49] . The existence of numerous medaka-related species in SouthEast Asia and East Asia is also unique when compared to other vertebrate model systems [46] . Primers for medaka genes are able to amplify the orthologous genes present in the closely related species [43, 45] . This situation has promoted evolutionary studies that use medaka related species and medaka EST primers. Methods of sperm cryopreservation have also been established [2, 20, 36, 37] . This is important for the long term storage of mutant and transgenic lines.
The medaka egg envelope is also harder when compared to that of the zebrafish. This characteristic makes embryonic manipulations such as chimera formation difficult. This difficulty may be overcome using hatching enzymes [55, 60] . NBRP Medaka has been producing and supplying hatching enzymes since 2008. Although the hard egg envelope proves to be a disadvantage for embryonic manipulation, this feature is advantageous for the successful transportation of medaka eggs. Medaka embryos are able to survive for more than ten days in small tubes, without changing of the water. Thus, medaka embryos can be easily transported worldwide.
Resources Available from NBRP Medaka
The NBRP Medaka currently provides live resources including inbred, mutants (spontaneous and ENU induced mutants), wild-type stocks and their related strains, and transgenic fish. In addition, cDNA/EST clones including full-length cDNA and BAC/fosmid clones constructed from the Hd-rR inbred strain are also available.
Standard strains
The d-rR strain is one of the most frequently used medaka strains [58, 59] . Genetic sex is distinguished on the basis of body color in this strain. The Cab strain has been used for large scale ENU mutagenesis screening and has proven to be a healthy research strain [3, 57] , perhaps even more so than the other medaka strains, such as the inbred lines. The T5 strain is useful for the construction of transgenic lines. This strain only contains xanthophores during the early stages of embryonic development [42] .
Wild stock
NBRP Medaka currently provides 66 wild stocks of medaka: 55 of these stocks are from Japan, 9 are from Korea, 1 is from China and 1 from Taiwan. In addition, 20 strains of closely related species native to South-East Asia and East Asia are also available. These wild stocks are an important genetic resource as they contain various levels of genetic diversity and variation [44, 46, 47] . The medaka and related species are known to have originally resided in freshwater, but have since developed a high adaptability to salinity [10] . Oryzias dancena and O. javanicus inhabit brackish and sea-water, respectively ( Figs. 2A and 2B ). These species can be used in ecotoxicity tests and assessments that detect the endocrine disrupting activity of chemicals in marine waters [9, 19] .
Inbred strains
More than ten inbred strains derived from genetically different wild populations have also been established at the National Institute of Radiological Sciences, Chiba, Japan since the 1970s [7] . Eight inbred strains are currently available from NBRP Medaka. Two representative inbred strains include the Hd-rR (Fig. 2C ) and HNI-II (Fig. 2D) strains. The Hd-rR strain demonstrates bodycolor dimorphism. The female is white, while the male is orange-red. This body-color dimorphism is due to the strains derivation from the d-rR strain. The Hd-rR strain is known to belong to the southern Japanese population. Whole genome sequences of this strain are available on Ensembl, USCS, UT genome browsers, and Medaka Map. The HNI-II strain, is known to belong to the northern Japanese population, has also been used in the ge-nome sequencing project to identify genetic variations such as single nucleotide polymorphisms (SNP) and insertion/deletion polymorphisms. These studies have demonstrated that the sequence divergences between Hd-rR and HNI-II in the whole genome are 34.246/kbp (3.42%) and 18.077/kbp (1.80%) in the exonic region, and 33.984/kbp (3.39%) in the intronic region [14] . Additional inbred strains also demonstrate specific body shape and susceptibility to tumorgenesis in response to N-methyl-N'-nitro-N-nitrosoguanidine treatment [8] .
Mutants
NBRP Medaka currently provides more than 300 mutant strains including 90 spontaneous mutants derived from wild populations and more than 200 ENU-induced mutants. All spontaneous mutants are homozygous viable and contain approximately 60 body-color mutants and 30 additional mutants such as fin, scale, or skeletal development defects [15, 51, 52] . By crossing the several available color mutants, viable translucent fish strains have been established. Examples of such strains include the STII, STIII [56] , and Quintet [35] strains (Fig. 2E) . The internal organs of these strains are easily observed directly through the skin and peritoneum throughout their life. These strains can be used for the investigation of internal organs, and are especially useful when combined with green fluorescent protein (GFP) transgenic technology (Fig. 2G ).
An example of a spontaneous viable mutant with specific defects is a pectoral-finless strain (pl) [52] . This strain has no pectoral fins throughout its entire life (Fig.  2F) . Another mutant termed pl-2 that demonstrates a similar phenotype, but with a different complementation group, is also available. To generate mutations that affect development, several projects for mutagenesis screening induced by the chemical mutagen ENU have been successfully performed [3, 11, 24] . NBRP Medaka currently provides over 200 different ENU mutants. Most of these mutants exhibit specific defects in development and are embryonic lethal.
Transgenics
Transgenic medaka strains are powerful tools that can be used to analyze and monitor spatio-temporal gene expression in living individuals. These strains are par- ticularly useful when combined with fluorescent protein reporters such as GFP and DsRed. NBRP Medaka currently provides more than 20 transgenic strains. Some examples are as follows. STII(ChgH-GFP, Fig. 2G ): Choriogenins are precursor proteins present in the egg envelope that are expressed in the mature female liver following induction with estrogen. In this transgenic line, the GFP gene was introduced into the transparent see-through line STII under the control of the choriogenin H gene regulatory region [21, 40] . Estrogenic activity in the water can then be monitored as an expression of GFP in the liver of adult males or larvae. This feature can then be applied to detect the estrogenic activity of novel chemical products, and in environmental water and sewage samples.
OlMA1-GFP: This transgenic line contains a GFP gene that is regulated by the medaka skeletal muscle actin promoter (Fig. 2H) [17, 22] . This fish exhibits very strong GFP fluorescence in the skeletal muscle and can be used for developmental and anatomical research of the skeletal muscle. In addition, GFP signals in the skeletal muscle can be easily observed over several months following fixation. Fixed transgenic fish can also be shipped without special attention and in accordance with the Cartagena protocol. This is especially convenient for educational purposes in schools. In this regards, NBRP Medaka has started to provide schools with fixed embryo and adult fish samples of this line.
TG (olvas-GFP): Germ cells of this fish line are easily distinguished by GFP, as the medaka vasa (olvas) promoter and 3'UTR drive the GFP expression. This fish is particularly useful for studies of gonadal development [38, 48, 56] . Several additional TG lines including AD-1 (GFP expression in hemocytes) [26] , cab-TG(rag1-EGFP: strong GFP expression in the thymus) [23] , and TG(CMV-H2B-GFP: chromosomes can be observed because of histone H2B-GFP fusion-protein expression) [12] are also available.
Other materials
Hatching enzyme is required to remove the egg envelope prior to embryo manipulation procedures such as chimera formation. NBRP Medaka has provided hatching enzymes since 2008. These enzymes are provided in the form of a crude hatching solution [55, 60] . The enzyme is presently only delivered within Japan due to difficulties in transporting frozen samples overseas.
How to Obtain Resources from the NBRP Medaka
All resources provided by NBRP Medaka can be ordered via the web page (Fig. 3, http: //www.shigen.nig. ac.jp/medaka/). Full-text search is also possible for all or selected resources including live resources, full-length cDNA, BAC, and fosmid clones by entering key words into a search field [Quick Search, Fig. 3(a) ]. The characteristics of each resource can also be browsed in a new window [ Fig. 3 (b) and 3(c), right window]. Homology searches for full-length cDNA sequences and BAC/fosmid end sequences are also possible [ Fig. 3(e) ], and all sequence data is downloadable from the web page [ Fig.  3(f) ]. After locating appropriate information, each resource can be ordered by simply clicking on the shopping cart icon [ Fig. 3(h) ] and logging onto the website. Details for ordering are outlined in the request help function. At present, NBRP Medaka is also able to provide approximately half of the EST/cDNA clones currently deposited in public DNA data banks such as DDBJ, EMBL, and Genbank. For these orders, users can order the clones via an email that includes the accession number or clone names through "contact us" on the NBRP Medaka website [ Fig. 3(g) ] or through mbrc@nibb.ac. jp directly.
The NBRP Medaka web site give access to four databases: Medaka Book, experimental and breeding protocols for medaka biology [ Fig. 3(i) ]; Medaka Atlas, an histological atlas of nervous and vascular systems [ Fig.  3(j) ]; Medaka Tree, a phylogenetic tree and information regarding their collection locations of wild stocks and related species [ Fig. 3(k) ]; and Medaka Map, the medaka genome browser with Ensembl interface [ Fig. 3(l) ]. Keyword searches and blast similarity searches are also possible using Medaka Map. Medaka Map is faster than the original Ensembl genome browser, due to the relatively compact size of the data. NBRP Medaka welcomes any questions regarding the presentation of resources on the web page [ Fig. 3(g) ].
Breeding and Maintenance of Medaka
Medaka breeding is relatively easy. In addition, breeding stocks can be easily maintained depending on the number of medaka required, as a water circulation system is not essential for breeding and medaka can be maintained outdoors. The Medaka protocol book [18] and website (Medaka Book, http://www.shigen.nig.ac. jp/medaka/medakabook/) are helpful for learning the details of medaka breeding and maintenance. The simplest way to rear medaka is by housing them in plastic containers (e.g., mouse cages) or glass aquariums (Fig.  4A) . To house large numbers of medaka indoors, recirculation breeding systems are convenient in that they save space and help maintain water quality (Fig. 4B) . Medaka can be bred in the same recirculation system as zebrafish. If this is the case, the rate of water flow into each tank requires only an adjustment of less than 200 ml/min, as it is difficult for medaka to swim against continuous and fast water currents. The water conditions required to successfully maintain medaka are as follows: temperature, 25-28°C; pH 6.8-7.5; conductivity, 200-450 µS/cm; ammonia, <0.2 mg NH 4 + /l; nitrite, <0.1 mg NO 2 -/l; nitrate, <20 mg NO 3 − /l; total hardness, <20-100 mg CaCO 3 /l. Ten percent of the water in the tank also needs to be exchanged per day with de-chlorinated tap water or reverse osmosis water. When reverse osmosis water is used, conductivity should be adjusted by adding artificial sea salt. Drastic changes in water conditions should be avoided, and the fish should be housed at a light cycle of 14 h in the light and 10 h in the dark. To collect eggs, the fish density should be maintained at 2 fish/l, and the female to male ratio should be 2:1 to 3:1 in a recirculation system. The density can be increased to three times higher when egg sampling is not required. When fish are maintained in still water, the density should be decreased to one third. It is also better to house fish with similar body size together, as adult fish tend to eat larvae and the larger fish tend to attack smaller, juvenile fish.
Brine shrimp (Artemia) are a good food source to rear the fish, while dry food is convenient for breeding. Some examples of dry food used in medaka breeding are as follows: TetraMin (Tetra Werke, Melle, Germany), medaka feed for adults or larvae (Medaka Honpo, Hiroshima, Japan, http://medakahonpo.com/ [in Japanese]), Otohime B1 (Marubeni Nisshin Feed, Tokyo, Japan, http://www.mn-feed.com/ [in Japanese]), Hikari Crest for Guppy (Kyorin, Hyogo, Japan, http://www.kyorinnet.co.jp/ [in Japanese]). Dry food for zebrafish can also be used to feed medaka. It may be necessary to first grind food into a fine powder so that the food is consumable by the larvae. The frequency of feeding should be 1-2 times per day. However if increasing the rate of growth or egg-laying a higher frequency is also acceptable, but supplying an excess amount of food each time should be avoided. In general, the food provided should be consumed within 10 min.
Medaka can also be housed in plastic containers outdoors throughout the year (Fig. 4C ). Under these conditions, the fish will lay eggs everyday between May and August in Japan. In the winter, medaka ceases reproduction. During this time, feeding and water changes should be avoided. The book entitled "Medaka: Biology, Management and Experimental Protocols" published by Wiley-Blackwell provides protocols outlining experimental methods and basic knowledge of medaka as an experimental model system [18] .
Useful Websites for Medaka Research
The following list outlines useful websites for medaka biology: Medaka Genome Project (NIG DNA Sequencing Center) (http://dolphin.lab.nig.ac.jp/medaka/index.php) Using this site, researchers are able to blast search the whole genome shotgun reads and assembly of the Hd-rR and HNI-II genomes. This site is also useful for searching the sequence differences between the Hd-rR and HNI-II genomes. The shotgun reads include the most fundamental sequence data, and thus, searches of the row sequence data can also be obtained on this site. MEPD outlines the expression patterns of the 1,749 medaka genes that are currently available [5] .
Medaka fish homepage (http://biol1.bio.nagoya-u.ac. jp:8000/)
This site is a portal site that presents general information on medaka biology.
UCSC in-silico PCR (http://genome.ucsc.edu/cgi-bin/ hgPcr?command=start)
Using this website, researchers are able to search any possible amplified fragments from the medaka genome using PCR primer pairs.
Genomicus synteny browser (http://www.dyogen.ens.fr/ genomicus/cgi-bin/search.pl)
This browser allows researchers to navigate genomes in several dimensions including linearly along chromosome axes, transversally across different species, and chronologically along evolutionary time.
